Abstract The ovariectomized (OVX) rat model is well established in investigations of osteoporosis and osteoporotic therapies. Advent of techniques such as Fouriertransform infrared (FTIR) spectroscopy and small angle X-ray scattering (SAXS) facilitate characterization of bone composition and mineral structure, respectively, which are key determinants of bone strength. Limited publications exist on the implementation of these techniques in the OVX rat model. At 12 weeks of age, female SpragueDawley rats were either sham-operated (n = 6) or ovariectomized (n = 6) and sacrificed 18 weeks later. L2 lumbar vertebrae and proximal tibiae were assessed by lCT, FTIR and SAXS. Presence of extensive trabecular deterioration in the lCT data confirmed the onset of osteoporosis. FTIR compositional parameters were determined including measures of degree of mineralization, crystallinity, collagen maturity and acid phosphate content. Mineral crystal thickness was determined from the SAXS data using two approaches available in literature. Compositionally, a decline in the heterogeneity of acid phosphate content was observed while measures of crystallinity and collagen maturity remained unaltered. Using an iterative curve fitting method, OVX-induced increases in the mineral crystal thickness of 3.8 and 7.8 % (p \ 0.05) were noted in the trabecular of the vertebra and tibia, respectively. In conclusion, implementation of FTIR and SAXS techniques in the OVX rat model, identified no significant compositional changes while substantiating thickening of the mineral crystals as a general structural feature of OVXinduced osteoporosis in rats.
Introduction
The ovariectomized (OVX) rat model of postmenopausal osteoporosis is the most widely used animal model to investigate the effects of osteoporosis and is well established in the assessment of osteoporotic therapies [1, 2] . Understanding the progression of osteoporosis clinically is typically based on surrogate measures of bone mineral density (BMD). The concept of bone strength, however, contains more qualitative and quantitative aspects than mineral density and new techniques that expand our understanding are warranted. The advent of techniques such as Fourier-transform infrared (FTIR) spectroscopy and small angle X-ray scattering (SAXS) in the characterization of bone quality facilitates understanding of osteoporosis from new perspectives. Specifically these techniques contribute to elucidating the significance of bone material composition and nanostructure, respectively, to the mechanical strength of bone and determining how pathogenic perturbations of these properties compromises bone strength. For instance, compositionally, osteoporotic tissue is typically distinguished by a diminished mineral content while structurally ovariectomized monkeys and mice have been noted to exhibit larger crystal sizes, both of which are characteristics coupled to increased bone fragility [3, 4] . Thus, our motivation for this study is in identifying compositional and nanostructural changes induced in the OVX rat model using FTIR and SAXS in order to further understand if these changes predispose osteoporotic bone to fractures.
Vibrational spectroscopic techniques, such as FTIR, probe bone composition in normal and diseased states by means of a series of validated spectroscopic parameters, which provide quantitative and qualitative measures of physicochemical properties at discrete anatomical sites. Surprisingly, implementation of FTIR in the OVX rat model has been limited, with only mineral and carbonate content reported in comparisons between healthy/osteoporotic rats [5, 6] . A few studies of compositional changes in OVX rat bone have opted for implementation of alternative techniques such as Raman spectroscopy and thermogravimetric or chemical analyses [5, 7, 8] . Substantial FTIR data does exist for other ovariectomized animal models and humans but the inherent inter-species differences can render direct comparisons problematic.
Use of SAXS in unravelling the nano-scale structural detail of bone is due to its sensitivity to electron density contrast between the mineral crystals and the organic matrix. It entails the transmission of a collimated beam of X-rays through a bone section with the ensuing scattered X-ray intensity recorded at small angles. Measurements can be position-resolved with a resolution similar to that of the beam dimensions. Few publications exist on the implementation of SAXS in the OVX rat model but these are somewhat inconsistent in their findings [7, [9] [10] [11] . The asymmetry of the SAXS scattering pattern of bone is indicative of oriented structures and thus yields orientational parameters quantifying the angular distribution of the mineral crystals [12, 13] . Moreover, the characteristic crystal thickness is interpretable from the SAXS intensity spectrum as a function of the scattering intensity, I(q).
Mean mineral crystal thickness has been calculated by two alternative means: The approach set forth by Fratzl et al. is based on the assumption of bone as a two component crystal/matrix composite and evaluates the interfacial area as the ratio of the integrated intensity and the Porod constant, K P [12, 14] . It assumes a mineral phase volume fraction of 50 %, which is of questionable validity. Mineral volume fraction of bone is both species and site dependent with documented values varying between 30 and 55 % as determined by ash weight/dry weight ratios, energy dispersive X-ray spectroscopy or quantitative backscattered electron imaging [15] . An alternative approach in determining the mean crystal thickness parameter is that suggested by Bünger et al. which relies on iterative curve fitting to the radially averaged one dimensional SAXS pattern I(q) [10] . Significantly, this method is independent of any assumptions on bone mineral content.
Limited adoption of iterative curve fitting exists in the literature with, to our knowledge, only a sole publication on its implementation in the OVX rat model [10] . However, this study was restricted to a sample size of n = 3 [10] .
Our aim in this study was to use FTIR and SAXS to investigate the underlying alterations in bone composition and structure between healthy and OVX rats. In particular, this study applied FTIR in the characterization of compositional changes in osteoporotic bone through the inclusion of previously unreported spectral parameters. Moreover, this study investigated changes in mineral crystal thickness in a statistically relevant sample size using the curve fitting approach. As no previous study has presented a comparison of the Fratzl and curve fitting methods, and given that the few studies that have reported on the mineral thickness parameter in the OVX rat model have been conflicting, this study implemented both methods in the interests of extracting comprehensive and conclusive results on the changes induced by ovariectomy.
Materials and Methods

Experimental Protocol
12 female Sprague-Dawley (Charles River, Germany) rats were randomly assigned to two groups of equal size. At 12 weeks, one group was sham-operated on and the second group was ovariectomized. The rats were sacrificed 18 weeks later and the tibiae and L2 lumbar vertebral bodies were harvested. Body weight at time-point of sacrifice was 352 ± 22 and 397 ± 19 g for sham-operated and ovariectomized rats, respectively. Bones from all rats were assessed by lCT, FTIR and SAXS. Ethical approval of care and experimental protocol was obtained from the local animal ethics and scientific advisory committee (Ethical Permission No. M316-11).
lCT The L2 lumbar vertebral body and proximal tibia of each rat were imaged with Skyscan 1172 (v. 1.5, Bruker, Belgium), using an isotropic voxel size of 15 lm. Images were acquired using X-ray source settings of 100 kV/100 lA, 8 repeated scans and the use of a 0.5 mm aluminium filter for noise reduction. Image reconstruction was performed with NRecon (Skyscan, v. 1.5.1.4). Optimal corrections for ring artefacts and beam hardening were applied. Regions of interest (ROIs) comprised the complete trabeculae architecture of the lumbar vertebral body and the proximal epiphysis of the tibiae, respectively (Fig. 1a, b) . In addition, a volume within the proximal metaphysis extending 1.5 mm distally from the growth plate was also evaluated (Fig. 1c) . ROIs were defined via a semi-automated process wherein the user draws 2D ROIs at specific images throughout the image dataset, which are then extrapolated across all intervening images using a dynamic interpolation algorithm in CTAn (v. 1.9.3.2 Skyscan, Belgium).
Images were globally thresholded at 44 % of the maximum grey value with the segmentation threshold determined based on visual comparison of the grayscale image and the threshold at which the resulting binary image most closely represented the original image (CTAn, v. 1.9.3.2). The following bone microstructural parameters were Fig. 1 Regions of interest (ROIs) in the lumbar vertebral body (a), proximal epiphysis (b) and proximal metaphysis (c) of the tibia for microCT morphological analysis. In the case of (a) and (b), the complete trabecula architecture was extracted. In the case of (c) the ROI was defined by a volume extending a distance of 1.5 mm distal to the growth plate quantified: trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), bone volume fraction (BV/TV), structure model index (SMI) and degree of anisotropy (DA). Following lCT, the L2 vertebral bodies and tibiae were fixed with 4 % formaldehyde, progressively dehydrated, and finally embedded in epoxy resin.
FTIR
Tibial sections (4 lm) were cut using a HM 355S microtome (Thermo Scientific, MA, USA) and transferred onto BaF 2 windows. FTIR measurements were conducted at the D7 beamline of the MAX-IV laboratory (Lund, Sweden). Spectral acquisition was performed in transmission mode using a Bruker 66V FTIR spectrometer coupled to a Bruker Hyperion 3000 IR microscope (Bruker Corp., MA, USA) at a spatial resolution of 10 lm, spectral resolution of 4 cm -1 and 64 repeated scans. Collected wavelengths ranged from 2000 to 800 cm
. Spectra in 50 9 50 lm areas (steps of 10 lm, resulting in 36 spectra) of cortical and trabecular bone in the proximal epiphysis of each tibia were recorded along with a reference spectrum of epoxy resin. Acquired spectra were subsequently baseline corrected and the spectral contribution of epoxy resin was subtracted [16, 17] . The following spectroscopic parameters were calculated using custom-written scripts in MATLAB: mineral-matrix ratio (1200-900/ 1720-1585 cm ) [23] . Furthermore, the spatial heterogeneity of each parameter was determined from the full width of half maximum (FWHM) of the Gaussian curve fitted to the pixel histogram of the measured area [24] .
SAXS
Sections of 400 lm thickness were obtained from the L2 vertebrae and tibiae using a low-speed, water-cooled IsoMet 11-1180 saw (Buehler, IL, USA) with a diamond blade. SAXS measurements were conducted at the I911-4 beamline of the MAX IV synchrotron facility (Lund, Sweden) [25] . A 1 9 2 mm region of the trabecular bone from the L2 lumbar vertebra and the metaphysis of the proximal tibia were scanned. Sections were scanned with a beam size of 0.1 9 0.1 mm with a 0.1 mm step size. A scattering image was obtained at each position using an exposure time of 15 s (k = 0.91 Å , q-range 0.01-0.30 Å -1
). Pre-processing of the SAXS images entailed masking away the beam stop and peripheral regions adjacent to the detector area. Subsequently, SAXS parameters were determined from the scattered intensity spectrum, I(q, W), using custom-written scripts for each measurement point as described below [17] .
Calculation of orientational parameters were obtained by fitting Gaussian curves to the two symmetrical peaks of the azimuthal dependence of the q-integrated scattered intensity I(W) and follow the methodology described in our previous publication [17] .
Calculation of mean crystal thickness from the azimuthally averaged SAXS intensity spectrum as a function of the scattering angle, I(q), was achieved using two approaches. The Fratzl approach relies on obtaining the Porod constant, K P , by fitting the expression K P =q 4 to the I(q) data at high q ranges where the scattering profile of any particle system decays [12, 14] . The following expression then yields the thickness parameter T based on the assumption that the particles are plate-shaped,
The alternative approach in extracting the characteristic particle thickness adopts iterative curve fitting to the I(q) profile [10] . Dimensions of the mineral crystals are assumed to be of finite thickness, T, along one dimension and infinite in the other two dimensions, i.e. plate-shaped crystals. In brief, the average scattering is expressed as,
where a Schultz-Zimm distribution D T; T avg À Á is assumed to account for a distribution in crystal thickness. Expanding on Eq. (2) to consider interparticle interactions of neighbouring particles necessitates the inclusion of a structure factor. As formulated by Bt‹ nger et al. short-range order repulsions are accounted for by use of the random phase approximation (RPA),
where m is an adaptable parameter that is dependent on interaction strength which in turn is positively correlated to particle concentration. Further factoring in the presence of excess scattering at low q due to long-range order electron density inhomogeneities with the following expression,
where a corresponds to the fractal dimension of the fluctuations. Thus, the model describing the total intensity, I q ð Þ, is,
where C is a scale factor dependent on specimen thickness, mineral content and scattering contrast [10] . Subsequently, custom-written MATLAB scripts automated the iterative weighted nonlinear least squares fitting of the model to the measured data (MATLAB R2010b, The Mathworks Inc., MA, USA) with suitable initial values selected for the parameters (Fig. 2 ) [17] .
Statistics
The Mann-Whitney U test was used for comparisons between the Control and OVX groups for all measurement parameters (SPSS, v22, SPSS Inc.). The Wilcoxon signed-rank test was used to compare trabecular and cortical composition within Control and OVX groups (SPSS, v22, SPSS Inc.).
Results lCT
Overall, substantial deterioration of the trabeculae was evident when comparing control and OVX bone microstructure (Fig. 3 ). Significant decreases in BV/TV were observed in the trabeculae of the tibial epiphysis (-17 %; p \ 0.01), tibial metaphysis (-50 %; p \ 0.01) and the lumbar vertebrae (-26 %; p \ 0.05) (Fig. 4a) . Concurrently, in the vertebrae and in the tibial epiphysis and metaphysis, this was associated with significant decreases in Tb.N of 27, 22 and 59 %, respectively (p \ 0.01) (Fig. 4b ) and significant increases in Tb.Sp of 24, 20 and 177 %, respectively (p \ 0.05; p \ 0.01; p \ 0.01) (Fig. 4c) . A significant thickening of the trabeculae was observed in the metaphysis of the tibiae (?21 %; p \ 0.01) (Fig. 4d) . Furthermore, a shift in the SMI was observed from plate-like trabeculae to rod-like trabeculae for all three sets of data (p \ 0.05; p \ 0.01; p \ 0.01) (Fig. 4e) . No alterations in the DA was present at any site (Fig. 4f) .
FTIR
Small but non-significant differences were observed between Control and OVX groups in relation to degree of mineralization and acid phosphate content. Moreover, these differences were more pronounced in the trabeculae than in the cortices (Fig. 5) . Mineral-matrix ratio in the OVX rats exhibited decreases of -7.5 % in trabecular bone and -5.8 % in cortical bone relative to Control rats (Fig. 5a) . A reduction in acid phosphate content of -4.6 % in trabecular bone and -3.3 % in cortical bone was also noted in the OVX group (Fig. 5c) . Furthermore, when considering the heterogeneity in spectroscopic parameters, the OVX group recorded a significantly lower variation for the acid phosphate content parameter than the Control group (p \ 0.05). Irrespective of the underlying bone health, trabecular composition exhibited significantly lower mineral content, higher carbonate substitution and lower crystallinity relative to cortices (p \ 0.05), while acid phosphate presence and collagen maturity were similar (Fig. 5) . 
SAXS
Computation of the mean mineral crystal thickness underscored a small increase induced by OVX at both bone sites. This increase was particularly pronounced with the curve fitting method where increases of 3.8 and 7.8 % were noted in the vertebra and tibia (p \ 0.05), respectively (Fig. 6 ). The magnitude of this thickening was smaller using the Fratzl method. In both approaches, these increases reached statistical significance in the proximal tibial metaphysis (p \ 0.05) but not so in the vertebrae (Fig. 6 ). In general, larger variation in the measurements was observed with the fitted method than the Fratzl method. Only in the tibia did these variations significantly differ between Control (0.055 nm) and OVX (0.23 nm) groups (p \ 0.05). Sitespecific comparisons showed that the mineral crystal thickness was significantly higher in the trabecula of the vertebra than in the tibia (p \ 0.05 for both healthy and osteoporotic rats, Fig. 6 ). No differences were noted in the orientational parameters (Table 1) . 
Discussion
Determining the influence of composition and structure on bone strength in healthy and diseased states are critical in the development of treatments for conditions such as osteoporosis. Implementation of FTIR and SAXS in the present study addresses the compositional and structural changes in osteoporotic bone in the OVX rat model. Findings are presented of induced structural changes in the thickening of the mineral crystals, while compositionally a decline in the heterogeneity of the acid phosphate content is observed without any alteration in the crystallinity and collagen maturity measures. Morphological changes and their time-dependence in the trabecular bone structure as a consequence of OVX have been extensively documented based on lCT analysis for both the vertebrae and tibia in rats [26] [27] [28] . Our observed declines in BV/TV and Tb.N, and a shift from plate-like trabeculae to rod-like trabeculae are in line with previous publications and confirms the onset of ovariectomy-induced osteoporosis [26] [27] [28] . One exception to the published literature is the finding of an increase in the Tb.Th parameter in one of the three analyzed regions, i.e. the proximal metaphyseal tibia. Previous studies have reported either a decrease or no change. It is possible this is an anomaly given the small sample size in our study. Alternatively, it is possible that if many thin trabeculae are completely resorbed (as suggested by our data), then an increase in the remaining average Tb.Th could be observed.
Analyses based on infrared spectroscopy have previously characterised the differences between healthy and osteoporotic bone in humans [3] . Compared with healthy bone, osteoporotic bone has been suggested to have lower mineral content [29, 30] with a few reported exceptions using non-spectroscopic methods [31] [32] [33] , unchanged acid phosphate content [34] and augmented mineral crystallinity [30, 35] , carbonate content [30, 34] and collagen maturity [36] .
In this study, spectral analysis of osteoporotic bone in the OVX rat model showed a trend towards a diminished mineral content level, albeit not to a statistically significant degree. In a previously published study by Bohic et al. 6.5-month-old rats were ovariectomized and sacrificed at 1-year post-surgery [5] . Spectral analysis comprised two parameters: the mineral-matrix ratio and the carbonatephosphate ratio. A significant decrease (p \ 0.05) was observed in the OVX group relative to the Control group for the mineral-matrix ratio. The rats in this instance were older at the time-point of sacrifice than in the current study (78 weeks vs. 30 weeks) and it stands to reason that the differences observed in our study would be more pronounced at a similar time-point further along.
Consistent with previously reported comparisons in humans, acid phosphate content levels were similar in Control and OVX groups. However, the heterogeneity of the acid phosphate parameter in our data was noted to be significantly less in osteoporotic samples. This is indicative of the limited presence of new bone deposition and is in line with expectations of the changes induced by osteoporosis. While changes in acid phosphate content (or its heterogeneity) have not been observed in human osteoporotic bone, it is important to note, however, that the parameter used as a measure of acid phosphate substitution in this study, 1127/1096 cm -1 , was identified recently and its implementation has not been reported extensively [23] .
Mineral crystal thickness values obtained in this study for healthy rats are in line with previous publications using both the fitted and Fratzl methods [10, 12, 14] . Two other studies have also reported increased mineral crystal thickness induced by OVX. Valenta et al. reported increases in the trabeculae (7 %; p \ 0.05), midshaft cortex (3 %) and metaphyseal cortex (5 %; p \ 0.05) of the distal femur at 94 weeks of age using the Fratzl method [9] . This compares well to our findings of an increase of 4.5 % (p \ 0.05) in the trabeculae of the proximal metaphyseal tibiae observed in this study at 30 weeks using the Fratzl method. Rat breed and time-point of ovariectomy were identical in both studies and only differing in the bone sites investigated. Thus, together our findings are suggestive of gradual thickening of the mineral crystals over time. A second study reported values derived with the use of the iterative fitting method but in limited sample numbers: a single cortical bone site in three healthy and three OVX rats [10] . In presenting their results, the authors made a distinction between newly formed and old bone and reported an increase of 4.6 % in new bone and no change in old bone at 44 weeks of age. Findings in our study with the iterative fitting method are more conclusive with increases of 3.8 and 7.8 % (p \ 0.05) measured at 30 weeks of age (18 weeks post-OVX) in the vertebra and tibia, respectively.
The fitted method is, arguably, more representative of the changes induced by OVX. As previously described, the Fratzl method is based on the assumption that the volume fraction of the mineral phase is 50 %. Architectural motifs such as trabeculae and osteons which form the structural basis of cancellous and cortical bone, respectively, exhibit pronounced local variation in mineral volume fraction ranging from 0 to 43 % in humans [15] . A solution adopted in some studies to circumvent this assumption in the Fratzl method has been to independently determine the volume fraction using quantitative backscattered electron imaging (qBEI) [37] . However, at issue also is the dependence of the derivation of the Porod constant on fitting the expression K P =q 4 to the scattered intensity at high q values where the signal fades and is progressively indistinguishable from background and noise contributions. Furthermore, the accuracy of the integral intensity is similarly compromised by the necessity of having to extrapolate the scattered intensity profile asymptotically at high q regions where no experimental data is available. The fitted method avoids these pitfalls as it is independent of assumptions on mineral content and is less influenced by the degradation in the signal quality at high q values since a broader range of the I(q) curve is fitted. It should be noted that there are some uncertainties with the fitted method in factoring in the positional correlation between particles but in the absence of contradictory evidence, it is arguably acceptable. Noteworthy also are two separate publications in the literature which do not demonstrate significant differences in crystal thickness following ovariectomy [7, 11] . Naturally, disparities in reported values can be attributable to a multitude of factors ranging from rat breed, anatomical sites investigated to time-points of ovariectomy and/or sacrifice. Both studies reported values in the region of expected magnitude utilising the Fratzl approach. In the case of Huang et al. the absence of significant difference is likely a consequence of having a time duration of only 12 weeks between ovariectomy and point of sacrifice, the shortest of any of the studies published [7] . Similarly, the most questionable aspect of the conclusions drawn by Yao et al. is the restriction of sample numbers to n = 4 which obviously makes statistical comparison challenging [11] .
Certainly, the magnitude of the thickening in the crystals reported in our study is relatively small and is likely due to the collagen matrix confining the growth in thickness. Neutron scattering experiments in adult bovine samples corroborate this premise with the radial distance between collagen molecules in wet mineralized bone measured to be 1.24 nm which is substantially lower compared to the 1.53 nm measured in wet demineralized bone [38] . This suggests that, in the absence of external macroscopic volume changes, the collagen matrix has to compress to accommodate the growth of the mineral crystals.
Furthermore, minor growth in mineral crystal thickness is to be expected, as it is consistent with the processes in effect during aging and osteoporosis. Foremost, as demonstrated by Roschger et al. in a study of human L4 lumbar vertebral bodies ranging in age from 15 weeks post conception to 97 years of age, is the existence of a highly linear correlation between mineral crystal thickness and the logarithm of average age [39] . This age-dependency translates as a characteristic time course marked by rapid growth in early development (i.e. primary mineralization), and much slower growth thereafter (i.e. secondary mineralization). Similar observations were also reproduced in a study of mice and rats [40] .
Significant site-specific variations in mean crystal thickness such as the values obtained for the L2 lumbar vertebrae and tibial metaphyses (Fig. 6) can be attributed to the coupled effects of age-dependent mineralization and bone remodelling. Bone remodelling is the continuous, coordinated process by which mature bone is resorbed and then re-synthesised and thereby primary mineralization begins anew. Studies have demonstrated, through the use of qBEI, the quantitative mapping of the distinct local variation in mineral content as a consequence of these coupled molecular mechanisms at work [15] .
Moreover, it can be inferred that the disparities in average crystal thickness between age-matched healthy and osteoporotic bone, as presented in this study, are a result of upregulated but imbalanced bone remodelling associated with postmenopausal osteoporosis which favours bone resorption [41] . Indeed, Valenta et al. reported a measure of mineralization homogeneity between control and OVX trabeculae based on analysis of qBEI data [9] . Their results were indicative of greater homogeneity in mineralization and accordingly, an overall higher maturity of OVX trabeculae relative to controls. Interestingly, contradicting this notion of higher maturity, we noted significantly higher variation in the Fitted thickness parameter for the OVX tibia samples relative to controls.
Of relevance in the interpretation of our overall findings is that the combinations of age, anatomical sites and time post-OVX are significant factors in the extent of structural and compositional changes present. Moreover, limitations of the study also arise from the small number of rats in each group (n = 6) and the use of a single time-point (30 weeks) for evaluation. However, with respect to use of techniques that requires large scale synchrotron facilities, a group size of six is not unreasonably small.
In conclusion, our findings in the bone of ovariectomized rats at 30 weeks show extensive trabecular deterioration, increased mineral crystal thickness and indications of osteoporosis-related compositional changes which, in the absence of significant differences, are not conclusive. In contrast to the extensive use of the OVX rat model in literature, there is only a very sparse presence of studies of compositional and structural changes and thus the findings presented herein represent a significant contribution in elucidating the deterioration in bone quality induced by osteoporosis.
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